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5. Introduction.

There is general agreement that in all eukaryotes, phosphorylation by
various cyclin-Cdk complexes controls and orchestrates key cell cycle events. These
events include commitment in G1 phase, initiation of DNA synthesis in S phase, and
spindle formation and elongation in mitosis. However, despite knowing a great deal
about the cyclin-Cdk complexes themselves, and despite years of investigation by
many laboratories, we know only about half a dozen substrates of the cyclin-Cdk
kinases, and none of these explain the control of critical cell cycle events. In
particular, we do not know what substrates have to be phosphorylated for
commitment to occur (although in mammalian cells, Rb is almost certainly one of
the substrates).

The purpose of the present work is to develop methods for identifying
substrates of the cyclin-Cdk complexes. In particular, we are interested in G1
substrates. To begin, experiments will be done in the yeast S. cerevisiae, and then
the project will expand into mammalian cells.

We initially proposed two main approaches. The first approach uses two-
dimensional gels to examine phosphoproteins. Various cyclins are expressed from a
GAL promoter, and cells with the over-expressed cyclins are labelled with 32P. The
pattern of spots on a 2D gel is then compared between cells expressing and not
expressing the cyclin. Extra spots in the cyclin-expressing cells may be substrates.

The second approach is to develop antibodies against phosphoserine followed
by proline, and phosphothreonine followed by proline. Such antibodies would
recognize proteins phosphorylated by Cdk complexes. Thus, such proteins could be
immunoprecipitated and sequenced. This could also be combined with the 2D gels
as an enrichment step.

6. Body of the Report.
A. Visualization of G1 Cdc28 substrates on 2D gels.

i. Optimize labeling, extraction, and gel conditions. Quite a number of
experiments of this kind were done in the first year of the grant, and we optimized
procedures for equilibrium 2D gels. In the year just past, we have extended this by
optimizing conditions for non-equilibrium gels, which is important, because
equilibrium gels were useful only for proteins with an iso-electric point of about 7.5
or less. It turns out that many potential substrates have isoelectric points much
higher than this, and so need to be analysed on non-equilibrium gels. We are now
able to do this.

ii. Identification of Sicl as a Cln substrate. As proposed in the original
grant, we induced GAL-CLN1 and GAL-CLNZ, labelled with 32P, and looked on 2D
gels for spots appearing only when the G1 cyclins are induced. There are apparently
three sets of weak spots that can be seen in many (but not all) experiments, possibly
representing three substrates.

All of the spots were faint, probably representing very small amounts of
protein. Methods were described in the original proposal for identifying low-
abundance substrates. However, while beginning to apply these methods, we
realized that from other work, we knew of proteins that might be substrates of
Cdc28, and which in some cases had molecular weights and isoelectric points




roughly consistent with the phosphorylated spots we could see on the 2D gels. One
of these was a protein called Mcm3, which is involved in DNA replication. Another
is Cdc54, which is also involved in DNA replication. We are testing these proteins
as in vivo substrates now. A third protein of interest was Sicl.

We showed that Sicl could be phosphorylated in vitro by Cln-Cdc28
complexes. When Sicl and cyclin-Cdc28 were mixed in a kinase reaction, and the
products were run on 2D gels, we could see up to 13 charge isoforms of Sicl. We had
some evidence that some of these also occured in vivo. We also showed that Sicl
was in fact a phosphoprotein in vivo, and that, as predicted, this phosphorylation
depended on Clns.

With this preliminary evidence in hand, we went on to characterize the
relationship of Sicl, Clns, and Start. This work has recently been published in
Science (Schneider et al. 1996), and a reprint is attached.

We showed that Sicl was a phosphoprotein in vivo. We showed that in vivo,
hyper-phosphorylated forms of Sicl depended on induction of Clns. We showed that
degradation of Sicl depended on the ubiquitin-conjugating enzyme Cdc34 (as had
previously been shown by others), and also showed that degradation also depended
on Clns. This was consistent with the idea that Cln-Cdc28 complexes directly
phosphorylate Sicl, and that phosphorylated Sicl is then degraded via Cde34 and
the ubiquitin pathway.

Genetic experiments supported this idea. Most strikingly, a sicI deletion
suppressed the lethality of the clnl cln2 cin3 triple deletion strain. This suggests
that an essential function of the Clns is promoting destruction of Sicl.

Sicl is an inhibitor of Clb-Cdc28 complexes, and the earliest cell cycle roles of
these kinases are spindle formation and initiation of S-phase. We demonstrated
that in a sicI null mutant, S-phase was advanced with respect to budding, and the
timing of S-phase was now almost independent of Cln expression. These two results
suggest that S-phase is normally linked to Start via Sicl. In the absence of Sicl, S-
phase becomes independent of Start and independent of Clns.

The Cln-Cdc28 complexes and the Clb-Cdc28 complexes are similar in many
ways, and yet, as far as we know, only the Clb-Cdc28 complexes are inhibited by
Sicl. Some biochemical experiments were done to extend our knowledge in this
area. We found that all tested cyclin-Cdc28 complexes, including Clnl, Cln2, Cln3,
Clbl, Clb2, and Clb5 complexes could phosphorylate Sicl very well in vitro at low
concentrations of Sicl. At higher concentrations of Sicl, the Clbl, Clb2, and Clb5
complexes were inhibited, but Clnl, Cln2, and CIln3 complexes were not. When
cyclins were immunoprecipitated from such kinase reactions, substantial amounts of
Sicl co-precipitated with Clbl, Clb2, and Clb5, but little or no Sicl co-precipitated
with Cln1, Cln2 or Cln3. Thus, binding correlates with inhibition. It may be that
Sicl inhibits Clbs but not Clns because it binds tightly to Clbs (but not Clns) in the
substrate binding cleft, and blocks the access of other substrates.

We tried similar experiments with p21, a human protein that inhibits human
G1 cyclin/CDK complexes. Perhaps surprisingly, p21 was a specific inhibitor of
Clnl, Cln2, and Cln3-Cdc28 complexes, but did not inhibit Clbl, Clb2, or Clb5
complexes (at least at the concentrations we tried). Once again, tight binding (as
shown by co-immunoprecipitation) correlated with inhibition. It has been suggested
that in human cells, p21 discriminates between different cyclin-CDK complexes by
recognizing the CDK component. Our results with Cdc28 complexes show that it
must also recognize the cyclin component, since the CDK was constant in our
experiments.




B. Develop antibodies against phosphoSer-Pro and phosphoThr-Pro.

Because of the difficulty in just seeing spots phosphorylated by Cde28 (not to
mention the difficulty in purifying, identifying, and analysing them), we would like
antibodies that could specifically recognize the phosphorylated forms of Cdc28
substrates. Since Cdc28 almost always phosphorylates a serine or threonine
followed by a proline (i.e., SP or TP) we would like antibodies directed against
phospho-S-P and phospho-T-P. It is likely that such antibodies can be generated;
good antibodies have been made against phospho-tyrosine (Ross et al. 1981), and
some antibodies have been made against phospho-threonine (Heffetz et al. 1989).
The extra proline should make for a much better epitope than phospho-Ser or
phospho-Thr alone.

In the past year, we tried to use the monoclonal antibody MPM2 to detect
these kinds of phosphorylated proteins. These efforts were unsuccessful; we’re not
sure why.

We have synthesized a set of peptides to try and make the antibodies desired.
The peptides are:

1. NHy CGGpSPGGK-OH COOH
2. NHp RAApSPAAC-OH COOH
3. NH, CNNpSPNNH-OH COOH
NH, CGGpTPGGK-OH COOH
NH, RAApTPAAC-OH COOH

U

NH, CNNpTPNNH-OH COOH

Each peptide has been conjugated (through the terminal cys residue) to three
different carrier proteins, KLH, ovalbumin, and BSA. The immunization strategy to
get anti-phospho-Ser-Pro antibodies has been to do a cycle of immunizations:
peptide 1 coupled to KLH was the primary antigen; peptide 2 coupled to BSA was
the first boost; peptide 3 coupled to KLH was the second boost; peptide 1 coupled to
BSA was the third boost; peptide 2 coupled to KLH was the fourth boost; peptide 3
coupled to BSA was the fifth boost; and finally peptide 1 coupled to KLH was the
sixth boost. Note that because of the different peptide sequences, the only thing in
common between all the antigens was phospho-Ser-Pro. The sera have just been
tested against the three peptides coupled to ovalbumin, which of course was not
used for immunization. All sera are very strongly positive.

The phospho-thr-pro antigens have been treated identically, and the sera for
these are also strongly positive.

We hope to do the fusions in the next few weeks, as soon as our monoclonal
facility has time and space.

C. Future plans.

Identification and analysis of Sicl as a substrate of G1 cyclins at Start took
most of our effort in the past year. Much of that analysis is now done, and we will
return to the task of finding more substrates. In particular, we will begin to
examine spots seen on non-equilibrium gels at isoelectric points greater than 7.5.



It has become clear that visualization, identification, and analysis of in vivo
labelled spots is very difficult. The method we used to identify Sicl--educated
guessing--is even more powerful now that the full sequence of the genome is known,
and we are applying it to additional spots. Also, anti-phospho-Ser-Pro and phospho-
Thr-Pro antibodies may be very useful.

7. Conclusions.

The project is proceeding roughly as planned. We have probably spent more
time than anticipated analyzing the one substrate we have found, but this extra
analysis was worth the effort, and we are actually very happy to have even one
substrate. The difficulty in visualizing and analyzing non-abundant spots was
probably under-estimated in the original proposal, but we have developed and are
continuing to develop methods to help us with this problem.

8. References:

Heffetz, D., Fridkin, M., and Zick, Y. (1989) Eur. J. Biochem. 182, 343.
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Linkage of Replication to Start
by the Cdk Inhibitor Sic1

B. L. Schneider,* Q.-H. Yang,* A. B. Futchert

In Saccharomyces cerevisiae, three G, cyclins (Clns) are important for Start, the event
committing cells to division. Sic1, an inhibitor of Clb-Cdc28 kinases, became phospho-
rylated at Start, and this phosphorylation depended on the activity of Cins. Sic1 was
subsequently lost, which depended on the activity of Clns and the ubiquitin-conjugating
enzyme Cdc34. Inactivation of Sic1 was the only nonredundant essential function of Cins,
because a sic1 deletion rescued the inviability of the cin? c/n2 cIn3 triple mutant. In sic?
mutants, DNA replication became uncoupled from budding. Thus, Sic1 may be a sub-
strate of CIn-Cdc28 complexes, and phosphorylation and proteolysis of Sic1 may regulate

commitment to replication at Start.

Before yeast can replicate DNA, they must
pass Start, which requires a cyclin-depen-
dent protein kinase composed of a catalytic
subunit (Cdc28) and one of three G, cyc-
lins (Clnl, -2, or -3) (1). After Start, B-type
cyclin-Cdc28 kinases such as Clb5-Cdc28
and Clb6-Cdc28 must be activated to allow
replication (2). Although CIb5- and Clb6-
Cdc28 complexes are present in G; phase,
they are initially inactive because of inhi-
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bition by the Sicl protein (2, 3). Activa-
tion of Clb5- and Clb6-Cdc28 occurs after
Sicl is targeted for proteolysis by the ubig-
uitin-conjugating enzyme Cdc34 (2). Thus,
a cdc34 mutant arrests with a IN DNA
content because it cannot degrade Sicl, but
nevertheless buds, and duplicates its spindle
pole body.

It is not known how Start triggers Sicl
inactivation or how replication is tied to
other Start-dependent events such as bud-
ding and duplication of the spindle pole
body. Is Start a single event that affects
multiple pathways, ot is Start a collection of
events, one of which regulates Sicl prote-
olysis and replication?

We asked whether Cln-Cdc28 complex-
es phosphorylate Sicl, thereby targeting it
for proteolysis. Sicl coprecipitates with

26 APRIL 1996
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Fig. 1. Sic1 is a phos-
phoprotein in vivo. Ex-
tracts were made as de-
scribed (77), and Sict
was immunoprecipitated
(74). The immunopre-
cipitates were treated or
not treated with phos-
phatase (78), resolved
by SDS-PAGE (75), blot-
ted to nitrocellulose, and
Sic1 was detected (76).
Lane 1, asynchronous cells; lane 2, asynchronous
sic1 cells; lane 3, strain #31 (79) arrested at the
cdc34 block at 37°C; lane 4, as in lane 3, but
treated with calf intestinal phosphatase (CIP); lane
5, asin lanes 3 and 4, but treated with CIP and the
phosphatase inhibitor B-glycerolphosphate (Inh.).

+ CIP + Inh.

E=
5]
c
>
7]

<C

sict
cdc34
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Cdc28 (4), has one of the highest densities
of potential Cdc28 phosphorylation sites of
any known yeast protein (5), and can be
phosphorylated on many sites by Cdc28 in
vitro (4, 6).

Sicl is a phosphoprotein in vivo. Reso-
lution of Sicl by SDS—polyacrylamide gel
electrophoresis (PAGE) followed by immu-
noblotting showed a broad, fuzzy band that
may contain multiple forms of Sicl. Phos-
phatase treatment converted this fuzzy band
(more phosphorylated form) to a band of
greater mobility (less phosphorylated form)
(Fig. 1).

To study the relation between the Clns,
phosphorylation and proteolysis of Sicl,
and DNA synthesis, we constructed a clnl
cln2 GAL-CLN3 cdc34-2 (temperature-sen-
sitive) strain and did reciprocal shift exper-
iments. As expected, cells shifted from the
Cln~Cdc34* state to the Cln*Cdc34~
state arrested with a Cdc34~ phenotype
without dividing. Sicl accumulated in the
less phosphorylated form in Cln ™ -arrested
cells, but was phosphorylated to a greater
extent when Cln was restored (7) (Fig. 2A,
compare lanes 3 and 4). However, in the
absence of Cde34 function (Cln™Cdc347),
this highly phosphorylated Sicl remained
undegraded (Fig. 2A, lanes 4 t0 9). In con-
trol cells arrested in the Cln~Cdc34* state,
then released to the ClntCdc34* state,
Sicl became more phosphorylated when
Cln was restored, and then disappeared,
presumably because of proteolysis (7) (Fig.
2A, lanes 10 to 15). These cells then reen-
tered a normal cell cycle. Thus, in vivo, the
ClIn-Cdc28 complexes are needed to gener-
ate highly phosphorylated Sicl, which is
stable in the absence, but not in the pres-
ence, of Cdc34 function.

(Cdc34 has been considered to act down-
stream of Clns and Cdc28. Surprisingly, how-
ever, cells shifted from the Cln*Cdc34~ state
to the Cln™Cdc34* state did not enter S
phase or divide and in all respects maintained
a Cdc34™ phenotype. This result suggests that
the Cdc34 function cannot be completed in

Fig. 2. Loss of Sic1 depends on CLNs and on
CDC34. Abundance and phosphorylation of Sic1
were analyzed in reciprocal shift experiments (20).
Strain #31 {cin1 cin2 GAL-CLN3 cdc34) (19) was
used. {A} Cells were grown in galactose medium
at 23°C (lane 1), shifted to glucose at 23°C for 3
hours to synchronize cells at Start (lane 2), then
shifted to 37°C for another hour to inactivate
Cdc34 (lane 3). Cln expression was then restored
by shifting back to galactose medium, but cells
were held at 37°C (Cdc34 7). Samples were taken
every 30 min (lanes 4 to 9). As a control, Cin
expression and Cdc34 function were both re-
stored (lanes 10 to 15) to doubly blocked cells. (B)
Cells were grown in galactose medium at 23°C
(lane 1), shifted to 37°C for 3 hours to synchronize
cells at the cdc34 block (lane 2), then shifted to
glucose at 37°C for 1 hour to shut off GAL-CLN3
(lane 3). Cdc34 function was restored by a shift to
23°C, but cells were kept in glucose medium
(CIn™). Samples were taken every 30 min (lanes 4
to 9). As a control, Cdc34 function and Cin ex-

A .
3 Release
5 8
5] + - + +
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pression were both restored (lanes 10 to 15) to doubly blocked cells. FACS analysis showed that the cells
in lanes 4 to 9 (A and B) failed to replicate DNA, whereas the cells in lanes 10 to 15 did replicate DNA.

the absence of CIn-Cdc28 activity. Highly
phosphorylated Sicl accumulated in the
Cln*tCde34™ cells (7) (Fig. 2B, lane 2); Sicl
then became less phosphorylated, but not de-
graded, after the shift to the Cln~Cdc34*
state (7) (Fig. 2B, lanes 4 to 9). This result
suggests that the Cdc34~ phenotype is main-
tained in the Cln~Cdc347 cells because the
less phosphorylated form of Sicl cannot be
degraded in the absence of Cin activity.
When cells were shifted from Cln*Cdc34™ to
Cln*Cdc34™, the more phosphorylated form
of Sicl that had accumulated at the cdc34
block disappeared (Fig. 2B, lanes 10 to 15),
and the cells went through S phase and reen-
tered a normal cycle. These experiments show
that Sicl loss requires Cln function as well as
Cdc34 function, and that the more phospho-
rylated form of Sicl is dependent on Cln
activity and correlated with Sicl loss. Because
cells arrest before S phase regardless of the
phosphorylation state of Sicl, both forms
must inhibit CIb-Cdc28 complexes.

These results are consistent with a model
wherein Cln-Cdc28 complexes phospho-
rylate Sicl, and this phosphorylation targets
Sicl for degradation by the Cdc34 pathway.
However, the experiments are correlative,
and other mechanisms are also possible. For
example, Cln-Cdc28 complexes may serve
to activate Cdc34 itself, and the phospho-
rylation of Sicl may be a correlated but
irrelevant event.

If a major function of Clns is to promote
proteolysis of Sic1, then Clns should be less
important in a sicl mutant. Indeed, a sicl
mutation suppressed the lethality of a clnl
cln2 cln3 triple null mutation (Fig. 3B, sec-
tors 1, 3, and 4). Thus, the only nonredun-
dant essential function of the Clns is to
inactivate Sicl. The cnl cln2 cln3 triple
mutation is also suppressed by a mutation

SCIENCE + VOL. 272 s 26 APRIL 1996

Fig. 3. A sic deletion suppresses lethality of cin?
cin2 cin3. (A) YEP + 1% raffinose + 1% galac-
tose. (B) YEP + 2% glucose. Plates were incubat-
ed at 30°C for 3 days. Strains were as follows: 1,
BS147 (pGAL-CLN3 Acins Asic?); 2, BS100
(GAL-CLNT Acins); 3, BS178 (GAL-CLNT Acins
Asic1); and 4, BS152 (Acins Asic1) (19).

called BYCI (8), and it now appears that
BYCI is allelic to sic! (9). This suppression
by BYC! occurs even if clb2, clb5, or pell is
also deleted (8). Clnsl, -2, and -3 have
other important functions that are compro-
mised in the cInl cn2 cln3 sicl quadruple
mutant: Plating efficiency is poor, budding
and cell morphology are highly abnormal,
and the cells are generally sick. Presumably,
budding is now mediated by combinations
of other cyclins such as Pcll, Pcl2, CIb5,
and CIb6 (10).

If Sicl is an important and specific in-
hibitor of replication, then a sicl mutation
might uncouple DNA replication from oth-
er Start events, such as budding. To test this
hypothesis, we obtained small unbudded
cells from an exponential culture of sicl
cells and examined the cells for DNA con-
tent by fluorescent-activated cell sorting
(FACS). At least 20% of the unbudded
cells were already 2N, whereas there were
essentially no 2N cells in the equivalent
fraction from a wild-type culture. After re-
inoculation into fresh medium, the sicl cells
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Fig. 4. A sic? deletion uncouples S A B

phase from budding. (A) Small un-

budded cells of strain W303a (19} (O) & 100+ 100-

or its isogenic sic1::URA3 derivative ~ §

BS193 (M) were obtained by elutria- -E;_ 75 75

tion (27). Cells were reinoculated in = =

fresh, warm medium, and samples * 501 50

were taken every 15 min and ana- ©

lyzed for budding, cell volume, and c; 25 25

DNA content (FACS) (22). (B) Strain g

BS147 (pGAL-CLN3 Acins Asic?) 2 = - odmed

(19) was grown in sucrose plus galac- & 20 25 30 35 40 45 15 20 25 30 35 40 45 50
tose. Cells were washed and resus- 1007 1004

pended in medium containing su- =

crose but no galactose to turn off £ 754 75-

GAL-CLN3. After 1 hour, small un- %

budded cells were collected by elu- : 50+ 50+

triation (27). Half the sample was re- 3

inoculated into YNB medium with 2% 3 251 25-

sucrose (GAL-CLN3 off) (O), and the ~ ©

other half was reinoculated into YNB 0 U —— 0+ BT —=

mediurm with 1% sucrose and 1% ga- 20 25 30 35 40 45 15 20 25 30 35 40 45 50
lactose (GAL-CLN3 on) (@). Samples Cell size (fl)

were taken every 30 min and ana- oW o AL-CLNG i1, 2,3 sicT + Su

lyzed as in (A). W303a cells (19)
grown in YNB + 2% sucrose were
elutriated and monitored after reinoc-
ulation (CJ).

replicated DNA much earlier than the
wild-type cells, but budded at about the
same time (Fig. 4A). [In other, similar ex-
periments, the sic] mutation did advance
budding slightly, although never as much as
the advance in S phase (2, 11). The early
activation of CIb5 that occurs in sicl cells
may advance budding.]

In a second experiment, clnl cln2 GAL-
CLN3 sicl cells were grown with GAL-
CLN3 on, and then GAL-CLN3 was turned
off for 1 hour. Small unbudded cells were
obtained by elutriation. Fifty to 80% of
these cells had a DNA content greater than
IN, despite their lack of Cln. (The large
fraction of 2N cells probably resulted from
overexpression of CLBS induced by GAL-
CLN3.) When the cells were released into
fresh medium, efficient budding was still
dependent on reexpression of Cln3, where-
as S phase was not (Fig. 4B). Thus, in sicl
mutants, replication and budding are un-
coupled; they occur at different times, and
budding is much more dependent on Cln
than is replication.

Although phosphorylation and loss of
Sicl are dependent on both Cln and Cdc34
function, we have not shown that Sicl is a
direct substrate of the Cln-Cdc28 kinase in
vivo, nor that Sicl proteolysis is ubiquitin-
mediated. However, these are both strong
possibilities. Phosphorylation converts at
least one other protein into a substrate for
Cdc34-mediated proteolysis (12). Whatev-
er the precise mechanism by which Clns
and Cdc34 cause the loss of Sicl, our ge-
netic experiments show that this loss is
largely responsible for the normal depen-
dence of DNA replication on Start.

562

® GAL-CLN3 cin1.2.3 sic1 + Gal

An analogous system may be used by
mammalian cells. Cyclin D-Cdk4 complex-
es promote S phase by inhibiting function
of the retinoblastoma protein. In cells lack-
ing retinoblastoma, the cyclin D-Cdk4 ac-
tivity is no longer required (13).

The identification of Sicl as a target of
Clns suggests that Start consists of several
component events. The Start event con-
trolling S phase is probably phosphorylation
of Sicl; phosphorylation of other substrates
may control budding and duplication of the
spindle pole body, and together these phos-
phorylations constitute Start.
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